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Stimulated  Rotational  Raman  Conversion  in  H2,  D2, 

and  HD 

Frank  Hanson  and  Pete  Poirier 


i4Asrnic/— Single-pass  rotational  Raman  conversion  efficien¬ 
cies  at  532  nm  have  been  measured  in  Hj,  Dj,  and  HD  with 
different  focusing  geometries  and  over  a  range  of  pressures. 
Maximum  efficiencies  of  80%,  75%,  and  64%  were  obtained  at 
the  first  Stokes  transition  in  these  gases. 

I.  Introduction 

HERE  is  considerable  interes'  in  finding  efficient  and 
long-lived  laser  sources  for  many  applications  in  the 
marine  environment  such  as  communication  and  remote 
sensing.  Narrow-band  atomic  resonance  filters  [1]  or  tun¬ 
able  filters  that  operate  at  strong  Fraunhofer  lines  [2]  have 
been  proposed  as  methods  to  reduce  the  strong  solar  back¬ 
ground  at  the  receivers  in  such  systems.  However,  a  ma¬ 
jor  problem  with  this  technology  has  been  to  rind  a  suit¬ 
able  laser  source  with  the  appropriate  wavelength  to  match 
up  with  the  best  filter/receivers  in  the  blue-green  spectral 
region  where  the  transmission  in  sea  water  is  peaked. 
Laser  diode  pumped,  neodymium  based  solid-state  lasers 
have  been  widely  demonstrated  in  the  last  few  years  to 
exhibit  efficiencies  and  lifetimes  that  are  subsuntially  im¬ 
proved  over  comparable  flashlamp  pumped  lasers. 
It  seems  clear  that  diode  pumped  laser  systems  will  be¬ 
come  increasingly  important  in  many  military  and  com¬ 
mercial  applications.  Unfortunately,  there  are  no  practical 
diode  pumped  solid-state  lasers  that  operate  directly  in  the 
blue-green  spectral  region.  In  order  to  exactly  match  one 
of  the  preferred  wavelengths,  some  combination  of  non¬ 
linear  frequency  conversion  and/or  tunable  laser  pumping 
is  therefore  required.  Stimulated  Raman  scattering  occurs 
in  a  wide  variety  of  materials  and  can  be  a  highly  efficient 
means  of  frequency  shifting  laser  sources. 

We  have  recently  examined  possible  laser  systems 
based  on  the  neodymium  ^F3/2  -*  *19/2  transition  with  a 
combination  of  frequency  doubling  and  Raman  shifting 
that  could  potentially  reach  the  strong  Fraunhofer  dip 
at  486  nm  (3].  This  line  is  —  1  A  wide  and  the  solar  ir- 
radiance  at  the  minimum  is  only  15%  of  the  continuum 
level.  Such  an  approach  would  require  relatively  small 
Raman  shifts  such  as  the  rotational  Stokes  shift  in  hydro¬ 
gen.  It  is  known  that  efficient  stimulated  rotational  Raman 
scattering  (SRRS)  can  occur  in  H2  and  D2  [4],  [5];  how¬ 
ever,  experimental  details  such  as  optimum  gas  pressure 
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and  pump  thresholds  are  not  available.  In  this  work,  we 
report  a  systematic  characterization  of  SRRS  in  the  three 
molecular  hydrogen  isotopes,  H2,  D2.  and  HD. 

11.  Theory 

For  these  simple  diatomic  molecules,  the  energy  in 
cm"'  of  the  rotational  level  J  in  the  ground  vibration  state 
is  given  to  good  accuracy  by  [6] 

Ej  =  hc[BJ(J  -t-  1)  -  DJHj  +  1)^].  (1) 

Values  of  the  rotational  constants  (7J  for  the  three  com¬ 
mon  molecular  isotopes  of  hydrogen  are  given  in  Table  1. 
In  the  homonuclear  diatomics  H2  and  D2,  two  forms,  or¬ 
tho  and  para,  are  used  to  distinguish  molecules  depending 
on  the  total  nuclear  spin.  The  ortho  form  generally  refers 
to  the  more  abundant  species,  and  for  hydrogen,  these  are 
the  molecules  having  a  symmetric  nuclear  spin  function 
and  antisymmetric  rotational  functions.  Thus  ortho  hydro¬ 
gen  can  have  only  odd  J  values  and  para  hydrogen  even 
J  values.  For  D2,  the  opposite  is  true  and  the  even  J  states 
are  more  common.  Transitions  between  these  classes  are 
usually  quite  slow  and  require  some  magnetic  perturba¬ 
tion.  There  are  no  symmetry  restrictions  for  HD;  thus  all 
J  states  are  equally  accessible. 

'  Raman  transitions  J  -*  J  +  2  give  rise  to  different 
Stokes  lines  S{J)  in  the  scattered  light  spectrum  on  the 
long  wavelength  side  of  the  pump.  The  rotational  Raman 
gain  at  the  Stokes  wavelength  is  proportional  to  the  inci¬ 
dent  pump  intensity  and  is  largest  for  Stokes  light  having 
circular  polarization  opposite  to  the  pump  light.  We  con¬ 
sider  only  the  factors  affecting  the  relative  steady-state  ro¬ 
tational  Raman  gain  at  the  Stokes  wavelength  Xj  for  the 
different  hydrogen  molecules.  These  are  given  by  (8) 

^  ^  jJ  +  IHJ  4-  2) 

^  X.A.'  (27  +  \){2J  -t-  3)'  ' 

Here,  AA/y  is  the  temperature  dependent  population  factor 
between  initial  sute  J  and  final  state  J  +  2, 

2J  +  1 

AA/y  = /Vy  -  /Vy,2^y^  (3) 

and 

A/y  =  (27  -I-  1)^-^^/*'"  E  {2Tj  +  1)  (4) 

Tj 

is  the  equilibrium  population  of  the  7  level  for  a  total 
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table  I 

SwCTKOscoPic  Paramlteks  hor  Hydrookn  Isotopes  tr<im  17| 


Hydrogen 

Molecule 

8.  (cm  '1 

0., 

(cm  ') 

r, 

Nuclear 

Degeneracy 

J  Values 
Allowed 

H. 

59  3392 

0  04599 

0 

1 

even 

1 

odd 

D, 

29.9105 

0  01134 

0.  2 

6 

even 

1 

3 

odd 

HD 

44.6678 

0  02592 

all 

number  density  p.  The  summation  is  over  the  allowed  val¬ 
ues  of  the  total  nuclear  spin  Tj,  and 

Z^f  =  E  {ITj  -t-  \)(2J  +  (5) 

JTj 

is  the  rotational  partition  function. 

The  linewidth  Ar  depends  on  temperature  and  density 
and  is  in  general,  different  for  each  transition  in  each  of 
the  gases.  At  low  density  the  Raman  lineshape  is 
Gaussian  due  to  Doppler  broadening.  At  densities  above 
a  critical  value,  the  lineshape  is  Lorentzian  and  the  line- 
width  (FWHM)  for  each  transition  can  be  described  as  the 
sum  of  a  diffusion  term  and  a  density-broadening  term 
[9],  1101 

Ar  =  Afp  +  Bp.  (6) 

The  critical  density  is  less  than  I  amagat  (2.69  x  10” 
cc“')  for  the  first  few  Stokes  lines  in  Hj  and  is  expected 
to  be  similar  for  the  heavier  isotopes.  The  model  predicts 
a  minimum  linewidth  due  to  collisional  narrowing  for  p 
=  This  occurs  for  the  5(1)  line  of  Hj  at  0.23 

amagat.  Above  one  amagat,  the  broadening  of  the  first 
few  lines  is  essentially  linear  in  density  due  to  the  terrij 
involving  9.  This  coefficient  has  been  measured  [11]  for 
the  first  few  transitions  in  each  of  the  gases  and  values  are 
listed  in  Table  II.  B  is  much  larger  for  HD  than  for  either 
H2  or  D2,  due  to  the  relatively  strong  dipole  term  in  the 
intermolecular  potential.  The  linear  broadening  generally 
decreases  with  increasing  J  as  the  energy  level  spacing 
becomes  larger. 

The  steady-state  gain  predicted  from  (2)  using  this 
model  scales  as  p/Ar  =  p^ /{A  +  Bp^),  which  increases 
with  density  and  gradually  reaches  a  limiting  value  pro¬ 
portional  to  1  /B  at  higher  density.  All  of  the  experiments 
described  below  were  done  with  gas  densities  greater  than 
1  amagat,  the  density  at  760  torr,  T  =  0'’C  for  an  ideal 
gas,  and  therefore  the  Raman  linewidth  should  be  approx¬ 
imately  Bp.  To  get  an  indication  of  the  relative  gain  to  be 
expected  for  the  first  few  Raman  lines,  we  have  calculated 
the  gain  factor  g  from  the  population  statistics  of  the  ro¬ 
tational  levels  and  with  the  assumption  that  Av  =  Bp.  The 
results  at  300  K  are  shown  in  Fig.  1.  The  5(1)  line  in  H2 
at  587  cm"'  is  clearly  expected  to  have  the  largest  gain. 
In  D2  and  HD,  the  largest  gain  is  predicted  for  5(2)  at 
414.5  cm"'  and  5(1)  at  443  cm"',  respectively.  The  gain 
in  HD  is  dramatically  reduced  due  to  the  much  larger  line 
broadening.  At  lower  temperatures,  the  dominate  line  will 


TABU  II 

Density  BROADtNiNc  Coefficients  fl  (MH/  /aniapai)  ai  K  i  rom 

|ll| 


Gas 

5(0) 

5(1) 

.5(2) 

Si  I) 

5(4) 

H. 

83  9 

104 

74  1 

75  9 

46  4 

D. 

168 

134 

124 

102 

85  7 

HD 

85? 

759 

660 

S44 

402 

Raman  Stwff  (cm  ') 

Fig.  I .  Calculated  relative  steady-state  rotational  Raman  gam  spectrum  at 

300  K. 

become  5(0)  for  each  of  the  isotopes.  This  should  happen 
at  -  100  K  for  H2  and  -200  K  for  Dj  and  HD  [3). 

For  temporal  pump  pulse  widths  on  the  order  of  or 
shorter  than  the  rotational  relaxation  time  r  =  I  /Ar,  the 
stimulated  Raman  scattering  is  in  the  transient  regime 
[12].  The  Raman  gain  is  less  in  the  transient  regime  and 
asymptotically  approaches  the  steady-state  gain  as  the 
pump  pulse  width  increases  relative  to  r.  Since  the  pump 
pulse  width  for  these  experiments  is  -  10  ns,  we  expect 
the  effective  gain  in  H2  and  D2  to  increase  with  density 
up  to  several  amagats.  The  gain  in  HD  is  already  close  to 
the  steady-state  value  at  1  amagat  and  should  show  less 
pressure  dependence. 

III.  Experimental 

The  Raman  conversion  efficiencies  were  measured  in  a 
single  pass  cell  as  shown  in  Fig.  2.  The  H2  purity  was 
99.999%.  Both  D2  and  HD  were  obtained  from  Cryogenic 
Rare  Gas  Laboratories  with  purity  of  99.95%  and  97%, 
respectively.  The  pump  source  was  a  Q-switched,  fre¬ 
quency  doubled  Nd :  Y AG  laser  (Quanta-Ray  model  DCR- 
3G)  with  a  near  diffraction  limited  beam.  The  laser  could 
be  operated  with  or  without  narrow  line  injection  seeding, 
giving  a  spectral  output  of  <  0.001  cm"'  or  <  1  cm"', 
respectively.  The  experiments  were  performed  with  the 
narrow  line  pump  source  although  we  found  no  significant 
difference  in  Raman  conversion  by  using  the  seeder.-  This 
insensitivity  to  pump  bandwidth  is  expected  and  has  been 
observed  before  by  Trutna,  et  al.  [13].  For  forward  Ra¬ 
man  scattering,  the  acceptance  bandwidth  is  generally 
very  large. 

The  nominally  collimated  pump  beam  was  circularly 
polarized  with  a  X/4  plate  and  focused  near  the  center  of 
the  1-m  long  gas  cell  using  either  a  50-cm  or  100-cm  lens. 
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Fig.  2  Expcnnieniat  setup  to  measure  Raman  conversion  etfictency. 


In  these  measurements,  the  intensity  at  S32  nm  was  varied 
by  adjusting  the  lamp  energy,  which  did  cause  small 
changes  in  effective  focal  length  and  pulse  width.  Since 
the  laser  was  generally  operated  somewhat  below  maxi¬ 
mum  output,  the  pump  was  slightly  diverging  before  the 
focusing  lens.  The  beam  width  was  ~  6  mm  at  the  lens. 
The  pulse  width  (FWHM)  varied  from  12  ns  at  10  mJ  to 
7  ns  at  200  mJ.  Beam  splitting  plates  were  used  at  near 
normal  incidence  before  and  after  the  Raman  cell  to  sam¬ 
ple  the  pump  and  output  beams.  A  photodiode  was  cali¬ 
brated  to  give  the  pump  energy  incident  on  the  focusing 
lens.  These  are  the  values  given  in  the  figures  below— 
they  are  not  corrected  for  the  transmission  of  the  lens  and 
cell  window  which  was  ~8S%.  All  of  the  light  exiting 
the  cell  was  captured  by  an  integrating  sphere  from  which 
a  fiber  optic  bundle  brought  a  sample  of  the  output  to  a 
O.S-m  spectrograph  and  silicon  detector  array.  The  Ra¬ 
man  shifted  output  beam  was  found  to  be  generally  uni¬ 
form  over  a  solid  angle  somewhat  larger  than  that  of  the 
diverging  pump  beam,  although  we  did  not  attempt  to 
quantify  the  angular  distribution. 

The  Raman  conversion  efficiencies  described  below 
were  the  fraction  of  the  pump  light  at  S32  nm  entering  the 
cell  that  was  converted  to  the  first  rotational  Stokes  wave¬ 
length  5r.  Various  losses  due  to  surface  reflections  were 
ignored.  The  wavelength  dependent  response  of  the  inte¬ 
grating  sphere,  fiber  optic,  and  spectrograph  was  cali¬ 
brated  with  a  tungsten  halogen  lamp  over  a  range  around 
the  pump  wavelength  from  the  first  anti-Stokes  (ASO  to  a 
few  Stokes  orders  (S„).  At  low  pump  energy,  all  of  the 
output  was  contained  in  this  region  and  the  spectrograph 
could  be  calibrated  with  respect  to  the  input  pump  energy. 
With  increasing  pump  energy,  and  especially  with  the 
longer  focal  length  lens,  many  lines  might  be  observed  in 
the  output.  Vibrational  scattering  could  generally  be  ob¬ 
served  at  sufficiently  high  input.  The  conversion  effi¬ 
ciency  at  S|  was  taken  as  the  ratio  of  the  average  energies 
over  several  shots  (not  the  average  of  the  ratios  from  each 
shot).  This  causes  a  slight  underestimation  of  energy 
threshold  since  there  were  relatively  large  fluctuations  of 
pump  energy  at  the  low  end. 

The  best  Raman  conversion  was  obtained  with  H2  as 
expected  from  the  population  statistics  and  since  the  gain 
line  is  the  narrowest.  The  efficiencies  of  the  S|  (1)  transi¬ 
tion  at  549  nm  are  shown  in  Fig.  3.  With  a  50  cm  focusing 
lens,  conversion  of  75%  to  80%  was  obtained  throughout 
the  pressure  range  studied,  800  torr  to  4500  ton.  The 
maximum  conversion  was  slightly  better  at  the  lower 
pressure.  As  the  pressure  was  increased,  the  threshold  de¬ 
creased  and  the  width  of  the  conversion  curve  became 


532  nn>  Pump  Energy  (mJ) 
(a) 


(b) 

Fig.  3.  Raman  conversion  efficiency  in  Hj  with  (a)  a  50<m  focusing  lens, 
and  (b)  a  I00<m  focusing  lens. 


^narrower  as  higher  order  Raman  processes  reached 
threshold  sooner.  This  effect  was  more  pronounced  with 
the  longer  100  cm  focusing  lens.  In  this  case,  a  threshold 
of  - 10  mJ  was  obtained;  however,  the  maximum  con¬ 
version  was  only  60%. 

The  results  for  D2  and  HO  are  shown  in  Figs.  4  and  5, 
respectively.  The  gain  for  these  gases  was  significantly 
less  than  for  H2  and  a  100-cm  focusing  lens  was  used  for 
most  of  the  work.  Here,  the  best  conversion  was  achieved 
at  the  highest  pressure.  The  5,  (2)  threshold  in  D2  at  544 
nm  is  -20  mJ,  compared  to  -70  mJ  for  Si(l)  in  HD  at 
545  nm.  This  is  consistent  with  the  much  larger  linewidth 
for  HD.  Maximum  conversion  was  75%  for  D2  and  64% 
for  HD.  It  is  interesting  to  note  that  even  in  HD  the 
threshold  decreases  significantly  from  1  to  3  amagats,  al¬ 
though  the  pressure  dependence  is  not  as  great  as  for  H2 
and  D2. 

For  each  of  the  hydrogen  species,  the  pump  threshold 
was  found  to  decrease  with  increasing  pressure  as  ex¬ 
pected  in  this  pressure  range.  We  also  observed  signifi¬ 
cantly  lower  thresholds  for  the  longer  focal  length  lens  in 
contrast  to  generally  accepted  ideas.  If  Stokes  and  anti- 
Stokes  coupling  is  neglected,  the  single-pass  gain  is  pre¬ 
dicted  to  vary  as  tan~'  (L/b],  where  L  is  the  gain  path 
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532  nm  Pump  Entrgy  (mj) 

Fig.  4.  Raman  conversion  efficiency  in  D; 


length  and  b  is  the  confocal  parameter  of  the  pump  [14], 
[15].  However,  in  our  experiments  b  ranged  from  1  cm  to 
4  cm  and  the  cell  length  was  100  cm,  which  means  that 
we  were  always  operating  in  the  short  confocal  length 
limit  where  tan“'  [L/b\  is  insensitive  to  b.  One  possible 
explanation  for  our  observed  threshold  behavior  might  be 
greater  Stokes  and  anti-Stokes  coupling  and  gain  suppres¬ 
sion  with  the  shorter  focal  length  lens  [16]. 

IV.  Conclusion 

Stimulated  rotational  Raman  conversion  has  been  effi¬ 
ciently  demonstrated  in  all  three  molecular  hydrogen  iso¬ 
topes  with  a  532  nm  Q-switched  pump  source.  Optimum 
gas  pressures  and  pump  focusing  have  been  determined. 
Single  pass  conversion  efficiencies  of  80%,  75%,  and 
64%  have  been  achieved  to  the  first  Stokes  wavelengths 
with  H2,  Dj,  and  HD,  respectively.  The  maximum  effi¬ 
ciency  is  generally  limited  by  further  Raman  conversion 
of  the  initially  generated  Stokes  light.  The  thresholds  were 
found  to  increase  in  the  order  Hj  <  D2  <  HD  as  ex¬ 
pected.  With  the  100  cm  lens,  the  threshold  for  HD  is  —8 
times  that  for  H2.  This  is  about  50%  less  than  would  be 
predicted  from  the  steady-state  gains  of  Fig.  1  due  to  the 
nnore  transient  nature  of  the  Raman  gain  for  H2.  The  rel¬ 


ative  thresholds  of  H;  and  are  reasonably  consistent 
with  the  calculated  steady-state  gams  based  on  the  popu¬ 
lation  statistics  and  the  linewidth  data 

In  conclusion,  intermediate  frequency  shifts  such  as 
these  may  be  useful  by  themselves,  or  m  combination  with 
other  nonlinear  techniques,  as  methods  to  achieve  specific 
wavelengths  for  system  applications.  In  a  space  environ¬ 
ment,  the  Raman  cells  could  also  be  operated  at  lower 
temperatures  and  additional  frequency  shifts  would  be 
practical. 
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